Objective: To examine the relationship between sleep quality and cortical and hippocampal volume and atrophy within a community-based sample, explore the influence of age on results, and assess the possible confounding effects of physical activity levels, body mass index (BMI), and blood pressure.
Poor sleep quality, characterized by difficulties in initiating or maintaining sleep or nonrestorative sleep, has been linked to cognitive deficits 1, 2 and increased risk of Alzheimer disease and cognitive decline 3 within community-based samples. MRI is an ideal tool to address whether variations in brain structure underlie these relationships, and MRI studies have linked primary insomnia with reduced volume of the orbitofrontal cortex (OFC), 4, 5 hippocampus, 6, 7 and precuneus, 4 and increased volume of the rostral anterior cingulate. 5 Although few studies have explored the relationship between sleep and brain structure in healthy individuals, crosssectional correlations have been reported between the volume of the OFC and early-morning awakening 8 and daytime sleepiness. 9 Furthermore, reduction in non-REM (NREM) slow wave activity (SWA) in older adults has been associated with age-related decreases in gray matter density within the medial prefrontal cortex (mPFC). 10 To our knowledge, no studies have assessed the relationship between sleep quality and longitudinal change in brain structure.
We investigated the relationship between sleep quality and cross-sectional measurements of cortical and hippocampal volume as well as longitudinal measures of atrophy in communitydwelling adults. We expected that poor sleep quality would be associated with reduced volume and increased atrophy within the OFC and mPFC. Furthermore, we hypothesized that correlations may extend to wider areas of the frontal, temporal, and parietal cortices, reflecting the multifactorial cognitive deficits that coexist with poor sleep. In post hoc analyses, we compared correlations between different age groups, explored possible confounding effects, and assessed sleep duration, efficiency, and latency. For the first wave of data collection, participants were recruited through newspaper advertisements. Recruitment for the follow-up assessments was by written invitation to the original participants. At timepoint 1 (T1) and timepoint 2 (T2), participants were screened with health interviews to ascertain eligibility, outlined in appendix e-1 on the Neurology ® Web site at Neurology.org.
A total of 147 participants (92 female, 55 male) were included in this study. Attrition of participants is provided in figure e-1 and full participant characteristics in table 1.
Standard protocol approvals, registrations, and patient consents. All procedures were approved by the Regional Ethical Committee of Southern Norway (REK-Sør), and written consent was obtained from all participants prior to commencement.
MRI acquisition and processing. Full details of the MRI acquisition and processing are provided in appendix e-1. Briefly, imaging data were collected at T1 and T2 using a 12-channel head coil on a 1.5T Siemens Avanto scanner (Siemens Medical Solutions, Erlangen, Germany) at Rikshospitalet, Oslo University Hospital. The same scanner and sequences were used at both timepoints, though with minor software updates. Images were first automatically processed cross-sectionally (independently) for each time point with FreeSurfer (version 5.1.0), [13] [14] [15] then subsequently run through the longitudinal processing stream. 16 Sleep quality assessment. Sleep quality was assessed using the Pittsburgh Sleep Quality Inventory (PSQI 17 ) in Norwegian after T2. PSQI is a self-rated questionnaire that assesses 7 domains of sleep quality (duration, subjective sleep quality, latency, habitual sleep efficiency, sleep disturbances, use of sleeping medication, and daytime dysfunction) over a 1-month time interval. The minimum score is 0 and maximum score 21. Using answers to individual questions within the PSQI, we also derived measures of sleep latency (minutes taken to fall asleep at night), sleep duration (hours spent asleep at night), and sleep efficiency (the percentage of time in bed at night spent asleep).
Physical activity, body mass index, and blood pressure assessment. Physical activity, body mass index (BMI), and blood pressure were assessed at T2. Physical activity level was measured using the International Physical Activity Questionnaire 18 self-administered short version in Norwegian. Participants detail the duration (in minutes) and frequency (days) of walking and moderate intensity and vigorous intensity activities over the past 7 days. The volume of activity is computed by weighting each type of activity by its energy requirements, defined in metabolic equivalents (MET) (multiples of the resting metabolic rate), to yield a score in MET-min. Participants' height and weight were measured, and BMI was calculated as weight (kg)/height 3 height (m). Blood pressure was measured with an A&D (Sydney, Australia) UA-7671 30 digital upper arm blood pressure monitor while participants were seated, before and after the neuropsychological testing, and the average of the 2 measurements was used for the analyses.
Statistical analyses. For cross-sectional cortical analysis, a general linear model (GLM) was run using FreeSurfer with volume at each vertex across the brain surface at T2 as the dependent variable and PSQI score as the independent variable. Sex, age at T2, intracranial volume (ICV), interval between T2 and acquisition of PSQI data, and the interactions between sex and each continuous variable were included as covariates.
For longitudinal cortical analyses, symmetrized proportion change in volume was computed at each vertex by subtracting T2 volume from T1 volume, and dividing by the mean T1 and T2 volume at that vertex. A GLM was run using FreeSurfer with change in volume at each vertex as the dependent variable and PSQI score as the independent variable. Sex, age at T2, interval between T1 and T2, interval between T2 and acquisition of PSQI data, and the interactions between sex and each continuous variable were included as covariates.
Both cross-sectional and longitudinal cortical results were tested against an empirical null distribution of maximum cluster size across 10,000 iterations using Z Monte Carlo simulations 19, 20 synthesized with a cluster-forming threshold of p , 0.05 (2-sided), yielding clusters corrected for multiple comparisons across the surface.
For cross-sectional hippocampal analysis, partial correlations were run using IBM (Armonk, NY) SPPS Statistics v21 between hippocampal volume and PSQI, with sex, age at T2, ICV, and interval between T2 and acquisition of PSQI data as covariates. For longitudinal hippocampal analyses, partial correlations were run between proportion change in volume and PSQI, with sex, age at T2, interval between T1 and T2, and interval between T2 and acquisition of PSQI data as covariates.
Post hoc analyses. Mean cortical volume (cross-sectional analyses) or proportion change in cortical volume (longitudinal analyses) was extracted within significant clusters in order to perform post hoc analyses using SPSS. First, we tested the influence of outliers by excluding participants with mean cortical measures more than 3 SDs from the mean.
Second, to assess whether relationships differed between younger and older participants, we divided our sample according to age at T2 (,60 years, $60 years, a threshold often referred to in the sleep literature 21 ). We performed partial correlations with PSQI within these groups, with sex, age at T2, ICV, and interval between T2 and acquisition of PSQI data as covariates in crosssectional analyses, and sex, age at T2, interval between T1 and T2, and interval between T2 and acquisition of PSQI data as covariates in longitudinal analyses. We then used a Fisher r-to-z transformation to determine if the correlation coefficient was significantly different between groups. Third, we explored the possible confounding effects of physical activity, BMI, and blood pressure by including these factors as additional covariates. Due to missing data, this analysis was performed in subsamples of 120 (physical activity), 144 (BMI), and 146 (blood pressure) participants.
Finally, we performed correlations with sleep duration, sleep efficiency, and sleep latency to determine which aspects of sleep were most strongly related with our results.
RESULTS Correlations between variables. An independent samples t test showed that PSQI was not significantly different in female and male participants (male: 4.4 6 2.9, female: 5.3 6 3.3, t 5 21.67, p 5 0.097). PSQI was not associated with interval between assessments, physical activity, BMI, or blood pressure (table 1). Older age was associated
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Cross-sectional analyses. Poor sleep quality was associated with smaller volume in a single cluster located within the right superior frontal cortex (cluster size 1,931 mm 2 , cluster-wise p 5 0.0095; figure 1 
Mean cortical volume was extracted within the significant cluster in order to perform post hoc analyses (table 2). The cluster remained significant in analyses that excluded outliers. Significant correlations were observed in both the under 60s and the over 60s, and the correlation coefficient was not significantly different between groups (p 5 0.542). Results were unchanged when physical activity, BMI, and blood pressure were included as additional covariates. Smaller volume within this cluster was significantly associated with shorter sleep duration, lower sleep efficiency, and increased sleep latency.
Longitudinal analyses. Vertex-wise analyses showed that poor sleep quality was associated with a greater rate of decline in volume (atrophy) within 3 clusters in the left hemisphere and 2 clusters in the right hemisphere (figure 2). Within the left hemisphere, the largest cluster encompassed lateral frontal, temporal, and parietal regions (cluster size 16,539 mm Mean proportion change in cortical volume was extracted from within significant clusters in order to perform post hoc analyses. The third cluster within the left hemisphere and second cluster within the right hemisphere did not remain significant following outlier removal and no further post hoc tests were performed on these clusters.
First, we divided our sample according to age at T2. A significant relationship between mean proportion change in cortical volume and PSQI was observed within the over 60s in all clusters, but no significant relationships were observed within the under 60s (table 2, figure 3 ). Within the left hemisphere, the correlation coefficient was significantly different between groups in the first cluster (p 5 0.021) and approached significance in the second cluster (p 5 0.055). Within the right hemisphere, the correlation coefficient was not significantly different between groups (p 5 0.285).
All of the clusters remained significant in analyses that included physical activity, BMI, and blood pressure as additional covariates (table 2) .
Mean proportion change in cortical volume was significantly associated with sleep efficiency in all 3 clusters and with sleep latency in 1 cluster. No significant associations were observed with sleep duration (table 2).
DISCUSSION Poor sleep quality was associated with reduced volume within the superior frontal cortex and a greater rate of atrophy across the frontal, temporal, and parietal cortices. Results were driven by correlations within older adults, could not be explained by variation in physical activity levels, BMI, or blood pressure, and were most closely linked to reduced sleep efficiency.
The MRI sleep literature to date has most frequently reported associations between sleep quality and the OFC and wider mPFC, with smaller volume linked with a diagnosis of primary insomnia, 4,5 greater severity of insomnia symptoms, 4 daytime sleepiness, 9 early-morning awakening, 8 and reduced "sleep credit" (i.e., the difference between habitual sleep and subjectively reported minimum hours of sleep needed) 22 and NREM SWA. 10 Although our cross-sectional analyses did not find relationships between sleep quality and mPFC volume, longitudinal analyses detected significant correlations between sleep quality and atrophy within the OFC and mPFC.
Poor sleep quality was also associated with increased atrophy within widespread frontal, parietal, and temporal regions. A parallel can be drawn between the anatomy of our findings and regions in which structural characteristics have been linked to aspects of cognitive performance, for example, cortical correlates of executive control 12 and visuospatial reasoning abilities 23 across the lifespan. The extent to which variation in brain structure can explain cognitive deficits associated with poor sleep quality is a key area for future studies. Variation in cortical measures is associated with different underlying neural mechanisms across the lifespan. Correlation values (r) and p values are presented for clusters that remained significant following outlier removal. Age, sex, interval between MRI and PSQI acquisition, and intracranial volume were included as covariates in cross-sectional analyses. Age, sex, interval between timepoint 1 and timepoint 2, and interval between timepoint 2 and PSQI acquisition were included as covariates in longitudinal analyses. a Physical activity, body mass index, and blood pressure were included as additional covariates. b Significant (p , 0.05) results.
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As post hoc analyses comparing the PSQI-atrophy relationships in different age groups indicated that results were driven by correlations within older adults, it follows that processes that accumulate in later life may mediate the observed relationship between sleep quality and atrophy. For example, these processes could include shrinkage of large neurons, loss of myelinated axonal fibers, deafferentation, and reduction in synaptic density. 25 We did not detect any significant relationships between sleep quality and hippocampal volume or atrophy. While animal studies have indicated that prolonged restriction or disruption of sleep may lead to reduced cell proliferation, cell survival, and neurogenesis within the hippocampus, 26 results of studies of primary insomnia have been mixed. 6, 7, 27, 28 Higher PSQI scores have been associated with reduced CA1 volume within primary insomnia, 6 and it is possible that analysis of the volume and atrophy of hippocampal subfields may provide more sensitive measures in relation to sleep quality in nonclinical populations.
A key issue, which our study was not designed to explore directly, is the degree to which poor sleep quality is a cause or a consequence of brain atrophy. Sleep has been proposed to be "the brain's housekeeper," serving to restore and repair the brain, and has recently been shown to be associated with both enhanced removal of potentially neurotoxic waste products 29 and an increased expression of genes related to myelin synthesis and maintenance. 30 It follows that poor sleep may have a direct impact upon brain structure.
Alternatively, atrophy has also been postulated to be a cause of poor sleep quality. For example, agerelated reductions in the gray matter density of the mPFC have been found to be associated with reduced NREM SWA in older adults, with data supporting a model in which atrophy mediates sleep disruption. 10 Interestingly, although questionnaire-based measures of sleep quality do not necessarily reflect polysomnographic measures, our longitudinal results overlap not only with the mPFC, but also with other elements of the default mode network that are implicated in the functional anatomy of SWA. 31 It is also possible that the relationship between sleep quality and brain atrophy could be mediated by a third factor that influences both variables. Physical activity levels, BMI, and blood pressure have all been associated with both sleep quality 32, 33 and reduced gray matter volume and atrohpy. [34] [35] [36] However, within our sample, sleep quality was not significantly associated with physical activity levels, BMI, or blood pressure, perhaps because of the smaller sample size of this study compared with epidemiologic studies, and including these measures as additional covariates did not alter our results. Similarly, including Full-Scale IQ and Mini-Mental State Examination as covariates did not affect our results (table e-1).
Sleep problems are also frequently reported in psychiatric and neurodegenerative disease, and a complex relationship between their neuropathology and sleep disruption is posited. 37 Participants included in analyses had passed a thorough screening procedure including health interview, cognitive assessments, and radiologic evaluation, thus ensuring current psychiatric or neurologic diagnoses did not confound results. However, subclinical or preclinical conditions may still have influenced our findings and, notably, our study lacked a consideration of the possible role of depressive symptoms or anxiety.
Ultimately, further insights into the nature of the relationship between poor sleep and brain atrophy are dependent upon future studies directly assessing whether interventions targeted at improving sleep quality affect atrophy rates. If sleep interventions were found to help slow or reverse atrophy, this would emphasize the importance of public health messages promoting good sleep hygiene. Spatial maps of correlations between sleep quality and longitudinal estimates of change in cortical volume Spatial maps display regions where poor sleep quality was significantly associated with increased rate of cortical atrophy (p , 0.05, after correction for multiple comparisons across the surface). Age, sex, interval between T1 and T2, and interval between T2 and Pittsburgh Sleep Quality Inventory acquisition were included as covariates.
Sleep quality was assessed using the PSQI an average of 1.3 years following the second neuroimaging assessment. Although sleep quality measures have been shown to be relatively stable over time within community-based samples, 38 the interval between follow-up MRI scan and sleep quality assessment may have added noise to our analyses. Within our sample, 35% of participants met PSQI criteria for "poor sleep" and the average PSQI among these participants was 8.5. Such characteristics are comparable to other community-based samples, 1 but lower than clinical samples. Also, although PSQI displays good internal consistency and close correlation with sleep diaries, it is not necessarily reflective of objective measures of sleep quality, 39 and our study would have been improved by additional collection of actigraphy or home polysomnography.
PSQI reflects a range of sleep quality variables. In post hoc analyses that assessed sleep efficiency, latency, and duration, correlations with brain structural measures were strongest and most consistent for sleep efficiency, which quantifies time asleep relative to total time in bed. Such findings are in agreement with a study of the cognitive correlates of sleep quality in older community-based adults 1 and in line with cognitive behavioral therapy for insomnia, which aims to improve sleep efficiency and reduce symptoms of insomnia partly by controlling time in bed.
Finally, poor sleep quality can be symptomatic of a number of diverse etiologies, which may have distinct neurobiological correlates. A limitation of our study was that it did not include an investigation of the underlying cause of high PSQI scores.
In the first longitudinal MRI study of sleep quality in community-dwelling adults, we found that cortical atrophy was correlated with sleep quality, and that the relationship increased with age. The effect of interventions that improve sleep quality on rates of atrophy is a key area for future research and may have important implications for public health messages.
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